Introduction
Spina bifida is a congenital malformation belonging to the larger category of neural tube defects with a reported incidence of 1 to 1000 births [1, 2] . It is the most common central nervous system (CNS) malformation compatible with life, represented by the lack of dorsal closure of the vertebrae which lack neural arches and may be located at any level along the spine. These defects can be classified into closed when the spinal defect is skin covered (spina bifida occulta) or open (spina bifida aperta) when the lesion site is not covered by skin and involves abnormalities of the meninges and/ or the spinal cord (meningocele/myelomenigocele). Spina bifida aperta is frequently associated with Chiari type II malformation, which is an abnormality of the posterior fossa characterized by the herniation of the cerebellum and brainstem through the foramen magnum [3] . Also, due to mechanical obstruction, it is often associated with ventriculomegaly [4, 5] .
Prenatal ultrasonography (US) represents the gold standard in fetal neural defects evaluation and diagnosis, whereas fetal magnetic resonance imaging (MRI) is used to refine the diagnosis. The role of prenatal diagnosis is to provide information that may help medical staff in counseling future parents regarding the pathology of their offspring, the therapeutic methods available in utero/postpartum, and the expected short and long-term outcome [6, 7] .
The aim of this review is to provide a literature update regarding the contribution of prenatal US and fetal MRI evaluation in the prenatal diagnosis of spina bifida aperta. ment for Down syndrome in the first trimester of pregnancy has led to an improvement in 2D US resolution [8, 9] . Several studies show a high sensitivity and specificity of 2D US in terms of evaluating bone anomalies, noting an increase in the detection of skeletal defects [8, [10] [11] [12] [13] [14] . The technical specifications of the US machine, such as a high-resolution and high frame rate, are essential to obtain quality images [6, 15, 16] . It is recommendable to visualize structures in at least two planes to lower the risk of artifacts. The diagnosis of spina bifida aperta was usually made at the time of the second trimester scan, between 18-24 weeks of gestation [1, 5, 6, 14] by visualization the spinal cord herniation (fig 1) Nowadays the trend is to detect the malformation in the first trimester or early in the second trimester of pregnancy. Fetal CNS evaluation requires examination in the transthalamic, transcerebellar, and transventricular planes [17] . These planes allow the visualization of skull contour, falx cerebri, cavum septum pellucidum, cerebellum, cisterna magna, thalamus, posterior and lateral horns of the ventricles [6, [18] [19] [20] [21] . At this gestational age, examination of the entire length of the spinal cord may be difficult, depending also on the fetal position, thus the diagnosis of spina bifida aperta is often based on intracranial indirect findings as the fetal head is easier to examine [1, 8, 16, 22] . These indirect signs of myelomeningocele are the ,,lemon sign'' -biconcave frontal bones and ,,banana sign'' -an abnormal, curved and thin form of the cerebellum (fig 2) [1, 6, 8] . Ventriculomegaly is also, a common finding in the Chiari II malformation but is nonspecific for this kind of pathology.
In fact, when the antero-posterior diameter of the cisterna magna and the shape of the cerebellum are normal, a type II Chiari malformation can be excluded [22] .
Another useful 2D US parameter is the clivus-supraocciput angle which is represented by the angle obtained on the mid sagittal section by drawing two lines between the clivus and the supraocciput. The value of the angle is a specific parameter for detecting the Chiari II abnormality and may be used in the differentiation of other causes of ventriculomegaly [23] . D'Addario et al published a comparative study on 310 pregnant women with normal fetuses and 44 fetuses diagnosed with ventriculomegaly due to different pathologies [16] . Results showed that the value of the clivus-supraocciput angle was below the 5 th percentile on the nomogram in fetuses with Chiari II malformation, suggesting a smaller size of the posterior fossa.
3D ultrasonography in spina bifida
Three-dimensional (3D) US has evolved very fast over the past few years due to high performance software in engineering, architecture and design [24] . The advantage of this technique is that it allows the acquisition of volumetric data which can be processed by the operator even after the completion of the examination [10, 24, 25] . It also allows multiple views of surfaces and structures as well as of certain tissues such as bones to be extracted from the volumetric data set and also the reconstruction of the fetal bones while focusing the examination on the area of interest [8, 24] . Recent data from the literature advocates for 3D US in assessing skeletal anomalies and phenotypic features of the fetuses [8, [24] [25] [26] . There is an ongoing debate about the contribution of 3D US over 2D US in the diagnosis and management of spina bifida aperta. Several publications support the 3D US advantages over 2D US, due to the possibility of showing a continuous structure image of the spinal cord rather than an independent one characteristic to 2D views ( fig 3) [6, 27, 28] .
In order to facilitate the clinicians' diagnosis of the Chiari II malformation, Leibovitz et al aimed to elaborate nomograms for the dimensions of the posterior fossa (PF) applicable in the 2 nd and 3 rd trimester of pregnancy, by assessing the mid-sagittal cranial plane with threedimensional multiplanar imaging [22] . In addition, the study compared the PF measurements between normal fetuses and those with neural tube defects. The nomograms were created using scans performed on 378 normal fetuses with a gestational age between 15-35 weeks. The area of the posterior fossa (PFA) and the perimeter of the posterior fossa (PFP) were included as parameters in the growth graphs.
The authors delimited the PF according to the following landmarks: from clivum to tentorium (CTD) and from the level of the upper mesencephalic edge to the occipital bone (TOD). The results showed a liniar relationship between the gestational age and PFA, PFP, TOD and CTD in normal developed fetuses. The study identified 39 fetuses with PF anomalies (including 11 cases of Chiari II malformation) which were analyzed by calculating z-scores for PFA, PFP, TOD, and CTD and compared to the developed nomograms. In all 11 cases with Chiari II malformation, highly contrasting z-scores for the PF size parameters were demonstrated. Moreover, PFA, showed the greatest deviation in z-scores, which ranged between −2.66 and −7.08 (mean, -5.31) meaning the size of posterior fossa was significantly smaller than nomograms. Another relevant study conducted by Scheier et al [6] on 11-13 weeks foetuses with spina bifida found important differences in the size of the posterior fossa in Chiari II malformation cases, supporting, previous data reported, even in earlier gestational age.
The largest study including 1030 fetuses among which 30 were diagnosed with spina bifida aperta measured the changes occurring in the first trimester of pregnancy in the PF. In all fetuses the brain stem and brain stem to occipital bone diameter (BSOB) were measured in the mid-sagittal view. In the control group, the brain stem to BSOB ratio decreased and the brain stem and BSOB diameter increased significantly with crown-rump length. In 96.7% of the cases with spina bifida aperta, the brain stem diameter was above the 95th percentile compared to the control group. The brain stem to BSOB ratio was above the 95th percentile in all cases and the BSOB diameter was below the 5th percentile in 86.7% of cases, all of these findings suggesting a smaller size of PF already from the first trimester of pregnancy [29] .
These results are one of the first reported and of high importance as the current trend is to establish the diagnosis of spina bifida diagnosis at the end of the 1 st trimester or early in the 2 nd trimester of pregnancy [30] [31] [32] . For an accurate US evaluation, it is important that the examiner should be familiar with spine and intracranial structures anatomy, according to the gestational age.
Different attempts to use other parameters were described. Several published papers analyzed the possibility of diagnosing spina bifida at the end of the first trimester of pregnancy by 2D and 3D US by evaluating other US markers such as: the anteroposterior diameter of the cisterna magna and the fourth ventricle (intracranial translucency), the brainstem diameter, the brainstem-occipital bone distance, the diameter of the roof of the third ventricle and the diameter of the aqueduct of Sylvius, in axial or mid-sagittal planes [33] [34] [35] [36] . From all these measurements the antero-posterior decrease of the intracranial translucence (fourth ventricle) and the cisterna magna obliteration were proven to be the most common markers associated with spina bifida aperta in the first trimester of pregnancy [7, 15, 29, [32] [33] [34] [35] [36] [37] .
Loureiro et al published a study seeking changes in the cerebral ventricular system in fetuses with spina bifida aperta with gestational ages between 11-13 weeks [28] . Four hundred and two fetuses were included in the study, among them 10 fetuses with spina bifida aperta. They were evaluated by transvaginal US with the acquisition of 3D volumes of the brain. Lateral ventricular measurements, third ventricle roof diameter, aqueduct of Sylvius diameter and fourth ventricle diameter were performed. Unlike normal fetuses, in fetuses with spina bifida aperta the diameter of third and fourth ventricle, aqueduct of Sylvius, and lateral ventricular area were significantly smaller. These results are concordant with findings that the amount of cerebrospinal fluid is reduced in fetuses with spina bifida aperta.
Knowing the exact level of the spinal defect is an important factor when choosing therapeutical methods. Therefore, its precise identification is mandatory. In this regard, Buyukkurt et al aimed to predict antepartum the level of the defect in fetuses with spina bifida by using 3D imaging. Afterwards, postpartum, the exact level of the spinal aperture was confirmed by radiography or by autopsy (in the case of antepartum fetal demise).The detection rate of the defect's level using this technique was 79%, suggesting that the method is a useful tool for prenatal determination of lesion level in spina bifida [23] .
US vs MRI in spina bifida
US examination is constantly evolving thus enabling the evaluation of fine structures, being the main imaging tool used to ascertain the diagnosis of spina bifida aperta early in gestation. US is less expensive, more widely accessible than MRI and is the main method of detecting fetal malformations in the first trimester of pregnancy. Moreover, it has an important role in deciding when to use more complex investigation methods, such as fetal MRI, and is certainly the basis for in utero surgical treatment of spina bifida aperta. Even though it is considered the gold standard for the diagnosis is has several disadvantages especially in case of obese women where the degree of penetration of the US beam is low or in case of oligoamnios when visualisation and diagnosis could be difficult. Low penetration (amplified by the increase of the gestational age) through fetal bone tissue, makes US unable to fully evaluate the fetal skeleton.
Another limit of the US examination is found in cases of cerebellum or cerebral trunk herniation, where it cannot establish the severity of this anomaly. In all these cases MRI proofs as a superior method confirming the diagnosis and also revealing associated fetal abnormalities. MRI represents an important imaging tool, neurosurgeons can rely on, in order to counsel future parents regarding the type of intervention that the fetus might need. It is also the main method for monitoring the postoperative outcome of the fetuses [38] .
Early studies on fetal MRI began in the 1980's. Initially, MRI was only used for CNS evaluation. Due to active fetal movements the examination was impaired and that represented a major drawback. With the development of fast-moving sequences that take less than 20 seconds, this limit has been eliminated and fetal malformations can be detected much more easily and accurately [38, 39] . Due to the high resolution of the soft tissues, a MRI examination reveals a clear distinction between maternal and fetal organs, and has the advantage of acquiring more data in comparison to US [40] [41] [42] . MRI images may be obtained in sagittal, transverse, and coronary sections. Being a non radiant method it is safe to use during pregnancy. The use of contrast media is not recommended due to its transplacental passage [43] [44] [45] .
MRI allows a more accurate prenatal diagnosis than US, due to the detailed description of the cerebellum and the posterior fossa and can give a full assessment of the spinal lesion or other complications in Chiari II malformation (fig 4a) [42, [46] [47] [48] [49] .
Some specific features of in utero Chiari II malformation, such as cerebellum herniation and possible changes in brain parenchyma signal can be better evaluated by fetal MRI than US (fig 4b) [50] .
Being the investigation that establishes the definitive diagnosis as well the site of the spinal lesion (fig 4c) [1] , and because it is less dependent of the fetal position [51] , MRI brings important information when it comes to the in utero or postpartum surgical treatment options of fetuses with spina bifida aperta [2] .
Recent studies discuss this issue and emphasize the advantages and disadvantages of such procedures in Chiari type II malformation [52] . Beghly et al showed that the low antero posterior diameter of the PF associated with hydrocephalus is one of the characteristic MRI images of Chiari II malformation [53] . The confirmation of cerebellum herniation, which can only be performed by fetal MRI, is one of the main criteria for in utero surgery of myeolomeningocele [54] .
In the last years, fetal surgery has evolved, providing therapeutic options for treating congenital malformations. In utero surgery for myelomeningocele is not indicated before 18 weeks of gestation due to insufficient fetal growth and increased tissue fragility [55] . After 32 weeks of gestation, the risk of preterm birth is far too high compared to the benefits of surgery so, intrauterine repair of myelomeningocele is usually performed between 19-25 weeks of gestation [56, 57] .
A study regarding the surgical treatment of myelomeningocele named Management of Myelomeningocele (MOMS), has clearly shown the advantages and risks of intrauterine surgery [58] . The purpose of the study was to evaluate whether results obtained from in utero surgery performed between 19-25 weeks of gestation are superior to those obtained from postpartum surgery. The MOMS study showed that at the age of one year only 42% of the prenatal surgery group needed ventriculoperitoneal (VP) shunting as compared to 82% of the postnatal surgery group. The study also revealed a significant improvement in child neuromotor function at two and a half years. They found that 42% of the children from the prenatal surgery group were walking without support while only 21% of the children from the postnatal surgery group were walking without help. Compared to the postnatal surgery group, hindbrain herniation was significantly reversed in the fetal surgery group. The MOMS study also highlighted some of the possible complications of in utero surgery such as increased risk of preterm birth, premature rupture of membranes and oligoamnios.
The repair of myelomeningocele in utero, with all the benefits it offers, is dependent on the MRI examination which establishes whether the criteria for the surgery are met.
Conclusions
Early detection of open spina bifida is mandatory for the option of intrauterine surgery which has better results in comparison to postpartum surgery in terms of offspring outcome. Prenatal US represents at this point the gold standard for the detection of spina bifida aperta in early gestation. Furthermore, 3D US is employed to offer supplementary information in the determination of the level and the size of the spinal injury. MRI, on the other hand, represents an additional high resolution imaging tool providing more specific information and playing an important role in the differential diagnosis of fetal central nervous system malformations. US and MRI are complementary examinations which assist clinicians in providing adequate parental counselling, choosing the appropriate therapeutic strategy and to predict fetal outcome.
